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ABSTRACT 

LM descent trajectories which are designed with 
high elevation angles during the visibility phase to ease the 
washout problem of a T + 24 launch are analyzed. The design 
of these trajectories is briefly discussed, and the sensi- 
tivities of the trajectory cost to variations of the minimum 
visibility phase elevation angle and high gate altitude are 
investigated. 
angle of 28' is found to cost 70 ft/sec more AV (character- 
istic velocity) for automatic landing than that of the Apollo 12 
trajectory. The steep trajectory nominally has only 6 sec less 
visibility time than the Apollo 12 trajectory, but it has 
a significantly increased cost of landing point redesignations. 
Other trajectory comparisons are made and sensitivities to 
trajectory constraints are comsuted. 

An example trajectory with a minimum elevation 
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I. INTRODUCTION 

The op t ion  e x i s t s  i n  m i s s i o n  planning t o  launch 
one day l a t e ,  a so c a l l e d  T + 2 4  launch. S ince  it i s  o f t e n  
c o s t l y  t o  decrease  t r a n s l u n a r  f l i g h t  t i m e ,  t h e  sun e l e v a t i o n  
ang le  can i n c r e a s e  t h e  normal 12O/day, and be i n  t h e  range 
of 20° - 26" .  P re sen t  descent  t r a j e c t o r i e s  have a 16O eleva-  
t i o n  ang le  dur ing  t h e  v i s i b i l i t y  phase,  which means t h a t  
shadows cast  by t h e  sun w i l l  n o t  be v i s i b l e  down sun (only  
o f f  t o  t h e  s i d e ,  and then  u s e f u l l y  only f o r  ang le s  g r e a t e r  
t han  2 0 "  - 3 0 O ) .  Because of  t h e  p e c u l i a r  r e f l e c t i v e  p r o p e r t i e s  
of t h e  moon's s u r f a c e  ( l i g h t  tends  t o  be r e f l e c t e d  back t o  t h e  
sou rce ) ,  t h i s  s u n - t r a j e c t o r y  r e l a t i o n s h i p  causes  t h e  so c a l l e d  
"washout problem" ; t h e  c r e w  has d i f f i c u l t y  d i s t i n g u i s h i n g  
boulders  and c r a t e r s  t h a t  l i e  ahead. 

Using a t r a j e c t o r y  e l e v a t i o n  angle* of g r e a t e r  than  
26'  w i l l  make shadows aga in  v i s i b l e ,  which can be a major 
advantage of s t e e p e r  t r a j e c t o r i e s .  They a l s o  ease t a r g e t i n g  
t o  rougher l u n a r  landing  s i t e s  by i n c r e a s i n g  t e r r a i n  c l e a r a n c e ,  
and enab le  t h e  f l i g h t  c r e w  t o  have a closer f i r s t  look a t  t h e  
l and ing  s i t e  fol lowing p i tch-over  a t  high g a t e  ( 7 0 0 0  f t  
a l t i t u d e ) .  These l a t t e r  f e a t u r e s  are of i n t e r e s t  even wi th  
t h e  sun angles  f o r  a T + 0 launch. 

I n  t h i s  s tudy ,  a minimum a l lowable  e l e v a t i o n  angle  
of 2 8 "  w a s  assumed i n  o r d e r  t o  provide a 2 O  s u n l i n e - t r a j e c t o r y  
c l e a r a n c e  f o r  a T + 24  launch, t o  a s i t e  having a nominal 
sun e l e v a t i o n  of 14'. The t r a j e c t o r i e s  w e r e  designed so  t h a t  
most of t h e  normal descen t  c o n s t r a i n t s  w e r e  m e t ,  and t h e  AV 

*The e l e v a t i o n  angle  i s  de f ined  as t h e  ang le  between t h e  
l i n e - o f - s i g h t  from t h e  LM t o  t h e  landing s i t e  and t h e  h o r i z o n t a l  
p l a n e  pass ing  through t h e  lanuing s i t e .  
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(characteristic velocity required to automatically reach the 
landing site) was minimized. The design procedure is briefly 
outlined in the appendix. 

In the following discussion, the AV and look time 
(amount of time the landing site appears in the LM window) 
sensitivities to variations in high gate elevation angle, high 
gate altitude, and the 500 ft altitude rate-of-descent con- 
straint are analyzed. The effect of allowing the trajectory 
to droop during the visibility phase is also investigated. 
Finally, the characteristics of the AV optimal 28' trajectory 
are compared with the nominal Apollo 12 descent trajectory. 

11. SENSITIVITY OF TRAJECTORIES TO CONSTRAINT VARIATIONS 

One set of trajectories studied was constrained to 
have constant glide slopes of 28O, 30°, and 32' during the 
visibility phase. 
gate elevation angles of 30" and 32' which were allowed to 
droop to the minimum elevation angle of 28'. High gate alti- 
tudes were fixed at 7000, 8000, and 9000 ft. The magnitude 
of the vertical rate at 500 ft altitude was constrained to be 
1 6  ft/sec. 

Also studied were trajectories with high 

The visibility phase AV cost of these trajectories 
is shown in Fig. 1. Here, no effort was made to fix the amount 
of time the LPD look angle (the angle between the nominal 
landing site and the forward body axis of the LM) is greater 
than -55O.* For this phase of the trajectory, lowering the 
high gate altitude lowers AV because less distance is traveled 
to landing and consequently, less burn time is elapsed. De- 
creasing the elevation angle from a fixed high gate altitude 
increases the LM's distance away from the landing site and 
therefore increases AV for the visibility phase. 

Allowing the trajectory to droop saves AV during the 
visibility phase because it moves high gate closer to the 
landing site for a given minimum elevation angle. It also 
provides the additional advantage of increasing the amount of 
time the look angle is greater than -55'. This look time is 
presented in Table 1. 

It can be shown that varying the minimum elevation 
angle allows partial control of the look angle time 

*The bottom of the LM window is about 65'  below the 
forward body axis of the LM. The LPD look angle is useful 
if it is more than 10' above the window bottom. 
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Table 1. Visibility Phase Time Where Look Angle is Greater 
Than -55 '  

Drooping High Gate High Gate Constant Elevation 
Altitude, Elevation Angle Angle Case, Elevation Angle Case 

ft deg sec sec 
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h i s t o r y .  
t i o n  ang le  moves t h e  i n i t i a l  v i e w  of t h e  l and ing  s i t e  h i g h e r  
i n  t h e  LM window. (A cons tan t  look ang le  can ease t h e  problem 
of  l o c a t i n g  and e v a l u a t i n g  t h e  l and ing  s i te . )  However, because 
t h e  emphasis h e r e  w a s  t o  minimize AV wh i l e  meeting t h e  minimum 
e l e v a t i o n  ang le  c o n s t r a i n t  of 2 8 O ,  no a t t empt  w a s  made t o  con- 
t r o l  t h e  t i m e  r a te  of change of  t h e  look angle .  

I n c r e a s i n g  t h e  droop by dec reas ing  t h e  minimum eleva- 

The v a r i a t i o n s  which affect  t h e  AV cost  du r ing  t h e  
v i s i b i l i t y  phase have t h e  oppos i t e  e f f e c t  du r ing  t h e  b rak ing  
phase. The b rak ing  phase AV i s  decreased  by i n c r e a s i n g  t h e  
h igh  g a t e  a l t i t u d e  and by us ing  a h igh  g a t e  v e l o c i t y  corre- 
sponding t o  a l o w ,  cons t an t  g l i d e  s l o p e  du r ing  t h e  v i s i b i l i t y  
phase. The b rak ing  phase c o s t  s e n s i t i v i t y  i s  shown i n  Fig.  2. 

To  f i n d  t h e  minimum o v e r a l l  AV t r a j e c t o r y  having 
a minimum e l e v a t i o n  ang le  c o n s t r a i n t  of 28O dur ing  t h e  v i s i -  
b i l i t y  phase,  t h e  costs i n F i g s .  1 and 2 are added. The 
r e s u l t i n g  o v e r a l l  cost is  presented i n  Fig.  3 .  I t  can be 
seen  t h a t  the t ra jectory having the lowest AV cost i s  one 
w i t h  t h e  l o w e s t  h igh  gate a l t i t u d e  and a s m a l l  amount of  
droop. 

V a r i a t i o n s  of  t h e  c o n s t r a i n t s  used t o  t a r g e t  t h e  
s t e e p  t r a j e c t o r y  can a lso a f f e c t  t h e  AV cost  of such a t ra -  
j e c t o r y .  Changing t h e  v e r t i c a l  ra te  c o n s t r a i n t  a t  500 f t  
a l t i t u d e  f r o m  -16  f t / s e c  t o  -18 ft/sec caused a AV sav ings  of 
45 ft/sec dur ing  t h e  v i s i b i l i t y  phase.  T h i s  w a s  accompanied 
by a 1 0  sec decrease i n  l o o k  t i m e  above - 5 5 O .  Inc reas ing  t h e  
v e r t i c a l  ra te  du r ing  t h e  landing phase would a lso dec rease  t h e  
AV cost. 

111. CHARACTERISTICS OF THE STEEP TRAJECTORY 

T o  e v a l u a t e  t h e  character is t ics  of  t h e  s t e e p  
approach, a t r a j e c t o r y  w i t h  a 3 0 °  e l e v a t i o n  angle  a t  a 7000 f t  
h i g h  g a t e  a l t i t u d e  which  droops t o  28O i s  used here as a 
t y p i c a l  example. This  t r a j e c t o r y  i s  now compared w i t h  t h e  
nominal Apollo 1 2  descent. Table  2 p r e s e n t s  t h e  t r a j e c t o r y  
s ta tes  a t  h igh  gate,  l o w  g a t e ,  500  f t  a l t i t u d e ,  and 2 0 0 0  f t  
h o r i z o n t a l  range. The  Apollo 1 2  t r a j e c t o r y ,  which s ta r t s  a t  
h i g h  g a t e  w i t h , a n  e l e v a t i o n  ang le  of 1 6 O  and droops t o  1 3 O ,  
costs about 70 f t /sec less  AV ( e q u i v a l e n t  t o  120 l b  p r o p e l l a n t  
o r  1 3  sec of hover t i m e )  f o r  an au tomat ic  landing.  The s t e e p  
t r a j e c t o r y ' s  h o r i z o n t a l  rate a t  2 0 0 0  f t  range is  reduced by 
about  2 6  ft/sec. 
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Table 2. Comparison of 28'  Trajectory and the Apollo 1 2  Trajectory 

28'  Trajectory 

State at high gate 
Vertical position, x-ft 7000.  
Horizontal position, z-ft -12125.  
Vertical rate, x-fps -173.8 
Horizontal rate, Z-fps 268.6 
Time past ignition-sec 510.  
AV-fps 5578. 

State at 2000 ft range 
Vertical position, X-ft 1096 .  
Vertical rate, X-fps -29.4 
Horizontal rate, Z-fps 60.9 
Time past ignition-sec 582.  

75.0 

6141.  AV- f ps 
tgo-sec 

State at 500 ft altitude 
Horizontal position, Z-ft -763.  
Vertical rate, X-fps -15.8 
Horizontal rate, Z-fps 31.6 
Time past ignition-sec 609.  
AV- f ps 6303.  

State at low gate 
Vertical position, X-ft 104 .  

Vertical rate, X-fps -4 .6 
Horizontal rate, Z-fps 6.8 
Time past ignition-sec 645.  
AV-fps 6517.  

Horizontal position, Z-ft -54. 

Automatic landing conditions 
Time past ignition 675.  
AV-fps 6669. 
Propellant used-lb 1 6 5 8 4  

Radar on for smooth lurain 
Altitude-beam on altitude-ft 41632.  
Velocity-beam on altitude-ft 28524.  

Minimum glide slope-deg 28'  

Apollo 1 2  Trajectory 

6999 .  
-24411.  

-168.  
447.0 
500.  

5400.  

552.  
-17 .0  

86.6 
593.  

59.3 
6135.  

-1735.  
-15 .8  

78 .8  
597. 

6155.  

98 .  
-46.  

-2 .8 
5.6 

642.  
6430 .  

6 7 4 .  
6598.  

1 6 4 6 2  

39692.  
26516.  * 

13' 

*Velocity-beam off at 2343. ft. 
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The AV cost of t h e  t w o  t rajectories can be compared 
i n  s e v e r a l  o ther  ways. A t  t h e  500 f t  a l t i t u d e  p o i n t ,  t h e  
Apollo 1 2  t r a j e c t o r y  costs 1 9 4  f t / s e c  less AV. A t  t h e  
2000  f t  range p o i n t ,  t h e  Apollo 1 2  t r a j e c t o r y  costs only  
6 f t / s e c  less. 

A comparison w a s  made o f  t h e  AV costs f o r  LPD 
r e d e s i g n a t i o n  of these t w o  t r a j e c t o r i e s .  The l and ing  s i te  
w a s  r edes igna ted  w i t h  a s i n g l e  command a t  4000  f t  a l t i t u d e .  
T h e  r e s u l t s  are p resen ted  i n  F igu re  4 which shows t h e  change 
i n  AV and maximum bank angle as parameters .  A s  can be seen ,  
the 28' t r a j e c t o r y  c o s t s  about 3 t i m e s  as much f o r  t h e  same 
downrange-crossrange r edes igna t ion .  

To r e d e s i g n a t e  s h o r t ,  t h e  LM must be p i t c h e d  back t o  
cance l  t h e  v e h i c l e ' s  forward speed more r a p i d l y .  Decreased 
range  i n c r e a s e s  t h e  change i n  t h e  f l i g h t  p a t h  ang le  r e q u i r e d  
t o  produce t h e  sho r t  r edes igna t ion .  Consequently, t h e  v e h i c l e  
p i t c h  up must be g r e a t e r  f o r  a s t e e p  t r a j e c t o r y ;  t h i s  m o r e  
r e a d i l y  causes  t h e  landing  s i t e  t o  drop v i s u a l l y  o u t  t h e  bottom 
of the LM window. 

The nominal look ang le  t i m e  h i s to r i e s  of t h e  28O 
t r a j e c t o r y  and t h e  Apollo 1 2  t r a j e c t o r y  are compared i n  
F ig .  5. T h e  s t e e p  t r a j e c t o r y  has nea r ly  t h e  same ( 6  sec less) 
look t i m e  above t h e  window bottom and 2 2  sec less t i m e  ( 1 1 4  sec 
v s .  136  sec) above the 55' l i n e .  Again, it i s  noted t h a t  t h e  
28'  t r a j e c t o r y  was designed so t h a t  AV w a s  minimized, and 
therefore, i t s  look a n g l e  h a s  a fas ter  t i m e  r a te  of change. 
T o  make t h e  look ang le  more c o n s t a n t  f o r  t h e  f i r s t  p a r t  of t h e  
v i s i b i l i t y  phase and t o  m e e t  t h e  minimum e l e v a t i o n  ang le  con- 
s t r a i n t  of 28O would r e q u i r e  sho r t en ing  t h e  h igh  gate range 
a t  a cost of i nc reased  AV. 

Figures  6-12 show o the r  comparisons of t h e  28O 
t r a j e c t o r y  w i t h  t h e  Apollo 1 2  r e f e r e n c e  t r a j e c t o r y .  F igures  6 
and 7 show t h e  t r a j e c t o r y  a l t i t u d e s  as a f u n c t i o n  of  t i m e  
p a s t  i g n i t i o n  and range from t h e  landing  s i te .  I n  bo th ,  t h e  
e f f e c t  of t h e  s t e e p e r  v i s i b i l i t y  phase i s  shown t o  cause  t h e  
t r a j e c t o r y  t o  r ema in  longer  a t  h i g h e r  a l t i t u d e s  du r ing  t h e  
b rak ing  phase. F igures  8a and 8b compare t h e  t r a j e c t o r y  
a l t i t u d e s  dur ing  t h e  v i s i b i l i t y  phase.  N o t e  t h a t  i n  Fig.  8b 
the r a t i o  of a l t i t u d e  t o  range du r ing  t h e  f i n a l  p o r t i o n  of 
t h e  28O v i s i b i l i t y  phase i s  about  t w i c e  t h a t  of Apollo 1 2 .  
F igure  9 compares t h e  v e r t i c a l  rates of descen t  as a func t ion  
of t i m e  p a s t  i g n i t i o n .  The s t e e p e r  t r a j e c t o r y  has a h ighe r  
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peak r a t e  which occurs  before  high g a t e .  The ra te  du r ing  t h e  
v i s i b i l i t y  phase i s  e s s e n t i a l l y  t h e  same as t h a t  of Apollo 1 2 .  
F igu re  1 0  i l l u s t r a t e s  t h e  v e r t i c a l  rates as func t ions  of 
a l t i t u d e  nea r  t h e  end of t he  v i s i b i l i t y  phase.  The 28' 
t r a j e c t o r y  c r o s s e s  t h e  APS 4 sec a b o r t  boundary curve w e l l  
a f t e r  t h e  2 0 0  f t  a l t i t u d e  mark. F igu re  11 compares t h e  t h r u s t  
p r o f i l e s  of t h e  t w o  t ra jector ies .  They are similar excep t  
du r ing  t h e  throt t le-down por t ion  of  t h e  brak ing  phase when 
t h e  s t e e p e r  t r a j e c t o r y  has  a hump i n  i t s  p r o f i l e .  This hump 
can cause t h r o t t l e - u p  t o  occur when f l y i n g  over  rougher 
t e r r a i n ,  b u t  it can be f l a t t e n e d  by r e t a r g e t i n g  wi th  a sma l l  
cost i n  AV. Figure  1 2  d e p i c t s  t h e  p i t c h  ang le s  of t h e  v e h i c l e s  
du r ing  descen t  wi th  t h e  only marked d i f f e r e n c e  occur r ing  du r ing  
t h e  v i s i b i l i t y  phase of f l i g h t .  

I V .  CONCLUSIONS 

From t h i s  pre l iminary  s t u d y ,  t h e  fol lowing observa- 
t i o n s  can  be  s t a t e d  about a t r a j e c t o r y  s u i t a b l e  f o r  a one 
day launch de lay :  

1. A t r a j e c t o r y  designed t o  have an inc reased  minimum 
e l e v a t i o n  angle  above t h e  l and ing  s i t e  dur ing  t h e  
v i s i b i l i t y  phase h a s  an inc reased  AV c o s t  t o  l and  
au tomat i ca l ly .  A t r a j e c t o r y  having a minimum eleva- 
t i o n  ang le  of 28' w a s  found t o  cost  70 f t / s e c  more 
t o  land  au tomat ica l ly  than  t h e  Apollo 1 2  t r a j e c t o r y  
wi th  o t h e r  c o n s t r a i n t s  be ing  t h e  same. 

2 .  To minimize t h e  o v e r a l l  AV of t h e  s t e e p  t r a j e c t o r y ,  
h igh  g a t e  should be a t  t h e  lowest accep tab le  a l t i -  
tude.  A l s o ,  t h e  v i s i b i l i t y  phase of t h e  t r a j e c t o r y  
should have a small  amount of droop. 

3 .  Changing t h e  v e r t i c a l  ra te  c o n s t r a i n t  of 1 6  f t / s e c  
t o  18 f t / s e c  a t  500 f t  a l t i t u d e  r e s u l t s  i n  a 
2 8 O  t r a j e c t o r y  cos t ing  only  about  25 f t / s e c  more 
AV f o r  automatic  landing  than  t h e  Apollo 1 2  
t r a j e c t o r y .  

4 .  Downrange-crossrange r e d e s i g n a t i o n s  on t h e  28' 
t r a j e c t o r y  cost about 3 t i m e s  as much as t h o s e  of 
t h e  Apollo 1 2  t r a j e c t o r y .  Shor t  r edes igna t ions  (up- 
range)  cause t h e  landing  s i t e  t o  drop v i s u a l l y  o u t  
of t h e  LM window more r e a d i l y  f o r  t h e  s t e e p e r  
t r a j e c t o r y .  
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5. The total time the flight crew nominally has to 
look at the landing site is slightly reduced for the 
steep trajectory ( 1 3 4  sec vs. 1 4 0  sec). 

6 .  The 2 8 O  trajectory and the Apollo 12 trajectory 
have essentially the same vertical speed profiles 
during the visibility phase. The 28O trajectory's 
horizontal speed is reduced. 

It is concluded that, although there are penalties 
in AV cost and look time, a trajectory designed with a steep 
approach during the visibility phase provides a possible 
solution to the visibility washout problem of a T + 2 4  launch. 

G. M. Cauwels 

GMC 2 0 1 4 -  JAS- ks c 
I 

J. A. Sorensen 

Attachment 
Appendix 
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APPENDIX 

Ta rge t ing  Procedure - f o r  High E leva t ion  .I- Angle T r a j e c t o r i e s  - 

The t a r g e t i n g  ( t r a j e c t o r y  shaping)  technique f o l -  
lowed i s  t o  f i n d  an o v e r a l l  t r a j e c t o r y  which meets t h e  con- 
s t r a i n t s  and m i n i m i z e s  t h e  AV r e q u i r e d  t o  land .  The r e q u i r e d  
h igh  g a t e  p o s i t i o n  and v e l o c i t y  are unknown. Therefore ,  a 
dynamic programming procedure i s  followed i n  which t h e  v i s i -  
b i l i t y  phase i s  f i r s t  op t imal ly  t a r g e t e d  s t a r t i n g  from s e v e r a l  
assumed high g a t e  s t a t e s .  The braking  phase i s  then  t a r g e t e d  
t o  each of t h e s e  states.  The o v e r a l l  op t imal  t r a j e c t o r y  i s  
ob ta ined  from t h e  b e s t  combined t w o  phases.  Targe t ing  of each 
phase i s  now discussed .  

A .  V i s i b i l i t y  Phase 

The documented c o n s t r a i n t s  of t h e  v i s i b i l i t y  phase 
a r e  from References 1 and 2. Those most p e r t i n e n t  t o  tra- 
j e c t o r y  shaping dur ing  t h i s  phase are: 

1. The landing  s i t e  must v i s u a l l y  be above a l i n e  i n  
t h e  LM window which is  55' below t h e  forward axis 
of t h e  LM fo r  t (time-to-go t o  a i m  p o i n t )  - < 75 sec 
u n t i l  R (range-to-go t o  f i n a l  t a r g e t )  i s  < 250 f t .  

go 
go 

2.  

3 .  

55 sec a t  R = 2000  f t .  
go 

The g l i d e  s l o p e  angle  i s  2 
u n t i l  loss  of v i s i b i l i t y .  

20° from t < 75 sec 
go - 

4 .  The a l t i t u d e  above which a s a f e  a b o r t  can be made 
us ing  t h e  a s c e n t  propuls ion  system ( A P S )  and assuming 
a 4 sec de lay  i n  o b t a i n i n g  f u l l  APS t h r u s t  i s  n o t  
p e n e t r a t e d  u n t i l  R < 200  f t .  

go 
5. Forward v e l o c i t y  is 2 88 f t / s e c  a t  R = 2000 f t .  

go 
I n  cons ide r ing  s t e e p  g l ide - s lope  t r a j e c t o r i e s ,  ( 3 )  i s  v i o l a t e d ,  
o f  course.  

Another c o n s t r a i n t  of unknown documentation which 
has  been used f o r  p a s t  t a r g e t i n g  of t h e  v i s i b i l i t y  phase i s  
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t o  keep t h e  v e r t i c a l  r a t e  of d e s c e n t  below a c e r t a i n  va lue  a t  
500 f t  a l t i t u d e .  This  va lue  has  been 1 6  f t /sec f o r  t h e  
Apollo 1 1 - 1 2  t ra jec tor ies .  For t h e  s t e e p  t r a j e c t o r i e s  con- 
s i d e r e d  i n  t h i s  s tudy ,  t h i s  c o n s t r a i n t  completely dominates 
t h e  o t h e r s ,  i . e . ,  i f  it is m e t ,  c o n s t r a i n t s  1, 2 ,  4 and 5 
above are met. I t  i s  t h e r e f o r e  used as a primary parameter  
f o r  t a r g e t i n g  t h e  v i s i b i l i t y  p o r t i o n s  of t h e  t r a j e c t o r i e s  i n  
t h i s  s tudy .  

The t r a j e c t o r y  followed from high  g a t e  t o  l o w  g a t e  
i s  e n t i r e l y  ciependent upon t h e  high g a t e  s t a t e  ( p o s i t i o n  and 
v e l o c i t y  wi th  r e s p e c t  t o  t h e  landing  s i t e )  and t h e  t a r g e t  
c o n s t a n t s  ( v e r t i c a l  and h o r i z o n t a l  p o s i t i o n ,  v e l o c i t y ,  and 
a c c e l e r a t i o n  and h o r i z o n t a l  j e r k )  which are used by t h e  ex- 
p l i c i t  guidance s t e e r i n g  r o u t i n e  f o r  t h r u s t  d i r e c t i o n  and 
magnitude c o n t r o l  of t h e  LM. I n  t h e  v i s i b i l i t y  phase t a r g e t i n g  
scheme used h e r e ,  t h e  a l t i t u d e  of h igh  g a t e  and i t s  ang le  
above t h e  p l ane  con ta in ing  the  l and ing  s i t e  ( >  minimum e l e v a t i o n  
ang le )  a r e  chosen as program i n p u t s .  This  f i z e s  t h e  t w o  
p o s i t i o n  components a t  high g a t e .  The p o s i t i o n  and v e l o c i t y  
t a r g e t  components are a l s o  chosen t o  produce a l o w  g a t e  
s t a t e  which i s  accep tab le  f o r  beginning t h e  f i n a l  l and ing  
phase. For t h i s  s t u d y ,  t h e  v e r t i c a l  and h o r i z o n t a l  components 
of p o s i t i o n  and v e l o c i t y  used w e r e  80 f t ,  -20  f t ,  0 f t / s e c ,  
and 0 f t / s e c  r e s p e c t i v e l y  f o r  a l l  t r a j e c t o r i e s .  For t a r g e t i n g ,  
t h e  m a s s  a t  h igh  g a t e  is  assumed t o  be 1 9 , 0 0 0  l b .  This  va lue  
is  modified a f t e r  t h e  braking phase of each t r a j e c t o r y  i s  
determined. The high g a t e  v e l o c i t y  components are i n i t i a l i z e d  
i n  p o l a r  coord ina te s .  The i n i t i a l  t h r u s t  o f  t h e  v i s i b i l i t y  
phase i s  f i x e d  a t  58% of t h e  1 0 , 5 0 0  l b  maximum t h r u s t .  The 
high g a t e  v e l o c i t y  magnitude i s  a d j u s t e d  so t h a t  t h i s  i n i t i a l  
t h r u s t  magnitude i s  correct. The ang le  between t h e  v e l o c i t y  
v e c t o r  and t h e  local h o r i z o n t a l  i s  set  so t h a t  t h e  minimum 
e l e v a t i o n  ang le  c o n s t r a i n t  is m e t .  The j e r k  component (and 
i n i t i a l  time-to-go) i s  ad jus t ed  so t h e  v e r t i c a l  ra te  c o n s t r a i n t  
a t  5 0 0  f t  a l t i t u d e  i s  m e t .  The ta rge t  a c c e l e r a t i o n  components 
are i t e r a t i v e l y  a d j u s t e d  t o  minimize t h e  AV of t h e  v i s i b i l i t y  
phase. 

B. Braking Phase 

The braking  phase i s  t a r g e t e d  us ing  a program wi th  
t h e  i g n i t i o n  a l t i t u d e ,  speed, and m a s s  and t h e  high g a t e  s ta te  
be ing  f i x e d  inpu t s .  The program chooses t h e  i g n i t i o n  p o i n t  
up-range ang le  f r o m  t h e  landing s i t e  and t h e  v e r t i c a l  and 
h o r i z o n t a l  a c c e l e r a t i o n  and h o r i z o n t a l .  j e r k  t a r g e t  c o n s t a n t s .  
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These f o u r  parameters  are  chosen t o  minimize t h e  AV t o  reach  
h igh  g a t e  and i n s u r e  t h a t  t h e  1 2 0  second throt t le-down t i m e  
c o n s t r a i n t  fo l lowing  t h e  f u l l  t h r u s t  pe r iod  i s  m e t .  The f o u r  
p o s i t i o n  and v e l o c i t y  target c o n s t a n t s  are chosen so t h a t  t h e  
correct h igh  gate s t a t e  is  reached. 
f o r  brak ing  phase t a r g e t i n g  a r e  t h o s e  determined by t h e  
v i s i b i l i t y  phase t a r g e t i n g  program. 

The h igh  gate s ta tes  used 
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